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Abstract

Compressed Sensing seeks to capture a discrete signal € R™ with a small
number n of linear measurements. The information captured about z from such
measurements is given by the vector y = ®x € IR"™ where ® is an n x N matrix.
The best matrices, from the viewpoint of capturing sparse or compressible signals,
are generated by random processes, e.g. their entries are given by i.i.d. Bernoulli
or Gaussian random variables. The information y holds about x is extracted by a
decoder A mapping IR" into IRY. Typical decoders are based on ¢;-minimization
and greedy pursuit. The present paper studies the performance of decoders based
on thresholding. For quite general random families of matrices ®, decoders A
are constructed which are instance-optimal in probability by which we mean the
following. If x is any vector in IRY, then with high probability applying A to y = ¢z
gives a vector T := A(y) such that ||z—z| < Cyor(z)e, for all k < an/log N provided
a is sufficiently small (depending on the probability of failure). Here oy (z)s, is the
error that results when x is approximated by the k sparse vector which equals x in
its k largest coordinates and is otherwise zero. It is also shown that results of this
type continue to hold even if the measurement vector y is corrupted by additive
noise: y = ®x + e where e is some noise vector. In this case oy (x)s, is replaced by

ok()e; + lelle,-
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1 Introduction

1.1 Background

The typical paradigm for acquiring a compressed representation of a discrete signal x €
IR, N large, is to choose an appropriate basis, compute all of the coefficients of z in this
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basis, and then retain only the k largest of these with £ < N. Without loss of generality,
we can assume that the appropriate basis is the canonical Kroenecker delta basis. If
S C{1,---, N} denotes a set of indices corresponding to k largest entries in z, then zg,
is the compressed approximation to x. Here and throughout this paper, for a set T' of
indices, we denote by zp the vector which is identical to z on T but is zero outside T

For any ¢, norm, this approximation process is equivalent to best k-term approxima-
tion. Namely, if

Y= {z € RN : #(supp(z)) <k}, (1.1)

where supp(z) is the number of nonzero entries in z, and if for any norm | - [|x on R",
we define

= inf — 1.2

7u(e)x = inf 1o~ 2lx, (12)

then [|x — s, ||, = [[zselle, = ox(2)s,. That is, zs, is a best approximation to z from ..

This approximation process should be considered as adaptive since the indices of those
coefficients which are retained vary from one signal to another.

Since, in the end, we retain only k& entries of x in the above compression paradigm,
it seems wasteful to initially make N measurements. The theory of compressed sensing
as formulated by Candes, Romberg and Tao [8, 9] and by Donoho [14], asks whether it
is possible to actually make a number n of non-adaptive linear measurements, with n
comparable to k, and still retain the necessary information about x in order to build a
good compressed approximation. These measurements are represented by a vector

y = b, (1.3)

of dimension n < N where ® is an n x N measurement matrix (called a CS matrix).
To extract the information that the measurement vector y holds about x, one uses a
decoder A which is a mapping from IR" into IR". The vector z* := A(y) = A(dx) is our
approximation to x extracted from the information y. In contrast to ®, the operator A
is allowed to be non-linear.

In recent years, considerable progress has been made in understanding the perfor-
mance of various choices of the measurement matrices ® and decoders A. Although not
exclusively, by far most contributions focus on the ability of such an encoder-decoder pair
(P, A) to recover a sparse signal. For example, a typical theorem says that there are pairs
(@, A) such that whenever = € ¥, with &k < an/log(N/k), then x* = x.

From both a theoretical and a practical perspective, it is highly desirable to have pairs
(®, A) that are robust in the sense that they are effective even when the vector z is not
assumed to be sparse. The question arises as to how we should measure the effectiveness
of such an encoder-decoder pair (®, A) for non-sparse vectors. In [6] we have proposed to
measure such performance in a metric || - ||x by the largest value of k for which

|z — A(®2)|x < Coon(z)x, Vo e RY, (1.4)

with Cy a constant independent of k,n, N. We say that a pair (®,A) which satisfies
property (1.4) is instance-optimal of order k with constant Cy. It was shown that this
measure of performance heavily depends on the norm employed to measure error. Let us
illustrate this by two contrasting results from [6]:



(i) If || - ||x is the f;-norm, it is possible to build encoding-decoding pairs (P, A)
which are instance-optimal of order k£ with a suitable constant Cy whenever n >
cklog(N/k) provided ¢ and Cy are sufficiently large. Moreover the decoder A can
be taken as

A(y) := argmin ||z (1.5)
Pz=y
Therefore, in order to obtain the accuracy of k-term approximation, the number
n of non-adaptive measurements need only exceed the amount k of adaptive mea-
surements by the small factor clog(NN/k). We shall speak of the range of & which
satisfy k& < an/log(N/k) as the large range since it is the largest range of k for
which instance-optimality can hold.

(ii) In the case || - ||x is the fy-norm, if (®,A) is any encoding-decoding pair which
is instance-optimal of order £k = 1 with a fixed constant Cj, then the number of
measurement n is always larger than a N where a > 0 depends only on Cj. Therefore,
the number of non-adaptive measurements has to be very large in order to compete
with even one single adaptive measurement.

The matrices ® which have the largest range of instance-optimality for ¢; are all given
by stochastic constructions. Namely, one creates an appropriate random family ®(w) of
n X N matrices on a probability space (€2, p) and then shows that with high probability
on the draw, the resulting matrix ® = ®(w) will satisfy instance-optimality for the large
range of k. There are no known deterministic constructions. The situation is even worse
in the sense that given an n x N matrix ® there is no simple method for checking its
range of instance-optimality.

While the above results show that instance-optimality is not a viable concept in fs, it
turns out that the situation is not as bleak as it seems. For example, a more optimistic
result was established by Candes, Romberg and Tao in [9]. They show that if n >
cklog(N/k) it is possible to build pairs (®, A) such that for all z € RY,

o1 (T)e

N

with the decoder again defined by (1.5). This implies in particular that k-sparse signals
are exactly reconstructed and that signals = in the space weak ¢, (denoted by w(,) with
|z |lwe, < M for some p < 1 are reconstructed with accuracy CoMA™ with s = 1/p—1/2.
This bound is of the same order as the best estimate available on max {o(x)e, : ||7||we, <
M}, Of course, this result still falls short of instance-optimality in /5 as it must.

The starting point of the present paper is the intriguing fact, that instance-optimality
can be attained in /5 if one accepts a probabilistic statement. A first result in this
direction, obtained by Cormode and Mutukrishnan in [7], shows how to construct random
n x N matrices ®(w) and a decoder A = A(w), w € €, such that for any z € RY,

[z — A(Pz)le, < Co

(1.6)

|z — A(Px)[e, < Coor(z)e, (1.7)

holds with overwhelming probability (larger than 1 — e(n) where €(n) tends rapidly to 0
as n — +o0) as long as k < an/(log N)*/? with a suitably small. Note that this result



says that given z, the set of w € Q for which (1.7) fails to hold has small measure. This
set of failure will depend on z.

From our viewpoint, instance-optimality in probability is the proper formulation in /.
Indeed, even in the more favorable setting of /1, we can never put our hands on matrices
® which have the large range of instance-optimality. We only know with high probability
on the draw, in certain random constructions, that we can attain instance-optimality. So
the situation in ¢y is not that much different from that in ¢;.

The results in [6] pertaining to instance-optimality in probability asked two funda-
mental questions: (i) can we attain instance-optimality for the largest range of k, i.e.
k < an/log(N/k), and (ii) what are the properties of random families that are needed
to attain this performance. We showed that instance-optimality can be obtained in the
probabilistic setting for the largest range of k, i.e. k < an/log(N/k) using quite general
constructions of random matrices. Namely, we introduced two properties for a random
matrix ® which ensure instance-optimality in the above sense and then showed that these
two properties hold for rather general constructions of random matrices (such as Gaussian
and Bernoulli). However, one shortcoming of the results in [6] is that the decoder used in
establishing instance-optimality was defined by minimizing ||y — ®x||,, over all k-sparse
vectors, a task which cannot be achieved in any reasonable computational time.

1.2 Objectives

In the present paper, we shall be interested in which practical decoders can be used with
a general random family so as to give a sensing system which has instance-optimality in
probability for ¢y for the largest range of k. The first result in this direction was given by
Wojtasczcek [24] who has shown that ¢;-minimization can be used with Gaussian random
matrices to attain instance-optimality for this large range of k. This result was recently
generalized in [12] to arbitrary random families in which the entries of the matrix are
generated by independent draws of a sub-gaussian random variables. This result includes
Bernoulli matrices whose entries take the values +1/y/n.

The problem of decoding in compressed sensing, as well as for more general inverse
problems, is a very active area of research. In addition to ¢;-minimization and its efficient
implementation, several alternatives have been suggested as being possibly more efficient.
These include decoding based on greedy procedures such as Orthogonal Matching Pursuit
(OMP) (see [15, 20, 21, 22]) as well as decoding through weighted least squares [11]. Some
of the pertinent issues in analyzing a decoding method is the efficiency of the method
(number of computations) and the required storage needed.

Concerning efficiency, Gilbert and Tropp [15] have proposed to use a greedy procedure,
known as Orthogonal Matching Pursuit (OMP) algorithm, in order to define A(y). The
greedy algorithm identifies a set of A of column indices which can be used to decode .
Taking zero as an initial guess, successive approximations to y are formed by orthogo-
nally projecting the measurement vector y onto the span of certain incrementally selected
columns ¢; of ®. In each step, the current set of columns is expanded by one further
column that maximizes the modulus of the inner product with the current residual. The
following striking result was proved in [15] for a probabilistic setting for general random
matrices which include the Bernouli and Gaussian families: if n > cklog N with ¢ suffi-



ciently large, then for any k sparse vector z, the OMP algorithm returns exactly z* =
after k iterations, with probability greater than 1 — N~° where b can be made arbitrarily
large by taking c large enough.

Decoders like OMP are of high interest because of their efficiency. The above result of
Gilbert and Tropp remains as the only general statement about OMP in the probabilistic
setting. A significant breakthrough on decoding using greedy pursuit was given in the
paper of Needel and Vershynin [20] (see also their followup [21]) where they showed
the advantage of adjoining a batch of coordinates at each iteration rather than just one
coordinate as in OMP. They show that such algorithms can deterministically capture
sparse vectors for a slightly smaller range than the large range of k.

The present paper examines decoders based on thresholding and asks whether such
algorithms can be used as decoders to yield £5 instance-optimality in probability for general
families of random matrices. We will describe in Section 6 a greedy thresholding scheme,
referred to as SThresh, and prove that it gives instance-optimality in probability in /o
for the large range of k. This algorithm adds a batch of coordinates at each iteration
and then uses a thinning procedure to possibly remove some of them at later iterations.
Conceptually, one thinks in terms of a bucket holding all of the coordinates to be used
in the construction of z. In the analysis of such algorithms it is important to not allow
more than a multiple of k coordinates to gather in the bucket. The thinning is used for
this purpose.

While preparing this paper, we became aware of the work of Needel and Tropp [22]
in which they develop a deterministic algorithm (called COSAMP) which has features
similar to ours. In fact, we have employed some of the ideas of that paper in our analysis.
This will be discussed in more detail after we give a precise description of our algorithm.

While the benchmark of instance-optimality covers the case of an input signal x which
is a perturbation of a sparse signal, it is not quite appropriate for dealing with possible
noise in the measurements. By this we mean that instead of measuring ®x, our measure-
ment vector y is of the form

y= bz +e, (1.8)

with e € IR" a noise vector. SThresh will also perform well in this noisy setting. Stability
under noisy measurements has been also established for COSAMP ([22]) as well as for
schemes based on ¢;-regularization [9]. While this latter strategy requires a-priori knowl-
edge about the noise level, this is not the case for COSAMP and the schemes developed
in this paper.

A brief overview of our paper is the following. In the next section, we introduce the
probabilistic properties we will require of our random families. In §3, we introduce a de-
terministic algorithm based on thresholding and analyze its performance. This algorithm
is then used as a basic step in the greedy decoding algorithm for stochastic families in the
following section §4. In this section, we prove that the stochastic decoding algorithm gives
instance optimality in probability. As we have noted above, a key step in this decoding is
a thinning of the indices placed into the bucket. It is an intriguing question whether this
thinning is actually necessary. This leads us to consider an algorithm without thinning.
We introduce such an algorithm in §6 and we show in §7 that almost gives instance-
optimality in probability for ¢y for the large range of k. The results for that algorithm
are weaker than the thinning algorithms in two ways. First they require the addition of



a small term € to ox(z),, and secondly the range of k is slightly smaller than the large
range. Finally, we append in §8 the proof that random matrices such as Gaussian and
Bernoulli as well as uniform vectors on the unit sphere satisfy the properties which are
used in the analysis of both algorithms.

While a lot of progress has been made on understanding the performance of greedy
algorithms for decoding in compressed sensing, there remain fundamental unsettled ques-
tions. The most prominent is whether the original OMP algorithm can indeed give in-
stance optimality in probability for /5 for the large range of k.

2 The Setting

As we have already mentioned, one of our goals is to derive results that hold for general
random families. In this section, we state general properties of random families which
will be used as assumptions in our theorems.

We consider random n x N matrices & = ®(w), on a probability space (€2, p). We
denote the entries in ® by ¢;;, 1 <i<n,1 < j < N and denote the j-th column of ® by
®j, j = 1,...,N. One of the main properties needed of random families for compressed
sensing is that given any x € RY, with high probability ®z has norm comparable to that
of z. We formulate this in

P1: For any z € RY and § > 0, there is a set € (z,5) C Q such that

l1@zlz, = llllz,| < dllzllz,,  w € (a,9), (2.1)

and ,
p(Q(x,8)) < bre= "™, (2.2)

where b, and c¢; are absolute constants.
An important consequence of property P1, often used in compressed sensing, is the
following Restricted Isometry Property (RIP), as formulated by Candes and Tao [8]:

RIP(k,n): Ann x N matriz ®q is said to satisfy the Restricted Isometry Property of
order m with constant n € (0,1), if

(L =mllzl* < | ®ol* < (L +n)l]?, = € S (2.3)

It was shown in [3] that P1 implies RIP. More precisely, their analysis gives the
following fact (which will also be proved in the Appendix §8).

Proposition 2.1 Whenever the random family ® = ®(w), w € Q, of n X N matrices
satisfies P1, then for each n € (0,1) there ezists a subset Qo(m,n, ®) C Q with

p(Qo(m, 77)0) < ble_ c1zr;2 +m[1og(eN/m)+log(12/7])] (24)

where by, ¢ are the constants from P1, such that for each draw w € Qy(m,n) the matriz
O satisfies RIP(m,n) (order m with constant n). In particular, given n, if a is chosen
suitably small (depending on n) then with high probability ® will satisfy RIP(m,n) as
long as m < an/log(N/m), i.e for the large range of m.
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Later we shall have to apply RIP to different groups of random matrivces ®;. Includ-
ing ® as a parameter in sets of type {2y will indicate which group of matrices we refer to
when invoking RIP.

3 A deterministic thresholding algorithm

In this section, we shall introduce a deterministic thresholding algorithm. Later, we
shall embed this algorithm into the probabilistic setting and show that the corresponding
probabilistic algorithm has /5 instance optimality in probability.

We continue to denote by k the envisaged range of instance optimality. We shall
assume throughout this section that ® is an n x N compressed sensing matrix that satisfies
the RIP(m,n) where m > 3k is an integer which will be specified later. For the validity
of the theorems that follow, there will also be a restriction that 7 is sufficiently close to 0.

3.1 Description of the thresholding algorithm and main result

In this section, we shall describe our thresholding algorithm. The algorithm starts with
an input vector y € IR" and generates a set A of at most k£ indices. The input vector
y is either y = ®x in the noiseless case or y = ®x + e in the presence of noise e in the
measurements. The output of the algorithm is a vector z* which is an approximation to
x determined by the noisy information .

We now describe our thresholding algorithm for decoding an input vector v € IR" of
either type:

DThresh|v, k, §] — z*

(i) Fix a thresholding parameter 0 > 0. Choose the sparsity index k, let r0 = v,
2 :=0, and set j =0, Ag = Ay = 0.

(ii) If j = k stop and set z* := 7.
(iii) Given A; calculate the residual r/ := v — ®a for the input vector v and define

ol |
VE

Mg i={ie{l,... ,NY:|(r ¢)| > }

It A]'Jrl = ®> Stqp and Olltput~ A* = Aj and z* = LEj.
Otherwise set Aj 1 := A; UA 4.

(iv) Compute (A1) (according to (5.13)) as

QAZ'(/_X]'_H) = argminsupp(z)glij+1 ||(I)Z - UH7
and define Ajy; as the set indices v € Ajq corresponding to the k largest (in
absolute value) entries in #(Aj4q). Let a/™ 1= &(Aj41)a,,,, j +1 — j and return

to (ii).



Step (iii) is a thinning step which prevents the bucket of indices to get too large so
that in our analysis RIP (7, m) will turn out to remain applicable for a fixed suitable
multiple m of k.

Perhaps a few remarks concerning a comparison with COSAMP are in order. In both
schemes any a priori knowledge about the noise level is not needed but the envisaged spar-
sity range k appears as a parameter in the scheme. This is in contrast to ¢;-regularization
in [9] which, however, does seem to require a priori knowledge about the noise level. Of
course, one can take k as the largest value for which the scheme can be shown to perform
well. The subsequent analysis will show that this is indeed the case for the maximal range.

While DThresh as well as COSAMP are based on thresholding, COSAMP from the
very beginning always works with least squares projections of size 2k. In the above scheme
the sets of active indices A; are allowed to grow and, in fact, the scheme may terminate
before they ever reach size k.

The following theorem summarizes the convergence properties of DThresh.

Theorem 3.1 Assume that §,n < 1/32 and that the matriz ® satisfies RIP(m,n) with
m > [l{:(l#—%ﬂ. Then for any v € RY and y = ®x+e the output z* of DThreshl[y, k, J]
has the following properties:

(i) If in addition x € Xy, then the output x* satisfies

[ = ™[] < 90]le]]. (3.1)

ii) Ifx € RY and xg, is its best approzimation from ¥y, i.e. the indices in Sy, identify
k
the k largest terms (in absolute value) in x, then

[l — 27| < 90[|| (2 — z,) || + [le]]]. (3.2)

(iii) For arbitrary x € RN, one has

- <002 (B L g) ). @9

We postpone the proof of Theorem 3.1 to Section 5 and explain first its ramifications
in the stochastic setting.

4 Thresholding in the stochastic setting

Let us now assume that ®(w), w € Q, is a random family of matrices which satisfy P1.
As we have shown in Proposition 2.1, with high probability on the draw (see (2.4)), ®(w)
will satisfy RIP(m,n), m a fixed multiple of k, for the large range of k, with constant
a depending on that multiple and on 1. We shall use the following stochastic version
SThresh of the thresholding algorithm which differs from DThresh only in the initial-
ization step (i).

SThresh|v, k, 0] — «*



(i) Fix a thresholding parameter § > 0 and the sparsity index k. Given any signal
z € IRY take a random draw ® = ®(w) and consider as input the measurement
vector v = ®x + e € IR" where e is a noise vector. Let 7 := v, and set j = 0,
Ao =N =10.

(ii) If j = k stop and set z* := 7.
(iii) Given A; calculate the residual 77 := v — ®a7 for the input vector v and define

o||r

Ry (i€ (L V) 002 22y

If A]'Jrl - @, Stqp and outputN A* = A] and r* = $]
Otherwise set Aj 1 := A; UAj4.

(iv) Compute (A1) (according to (5.13)) as
‘%(Aj-l-l) = argminsupp(z)gf\j_,_l ”(I)Z - U”,

and define Ajy; as the set indices v € Ajiy corresponding to the k largest (in

absolute value) entries in #(Aj4q). Let a/™ := &(Aj41)a,,,, j +1 — j and return
to (ii).

Notice that the output 2* = z*(w) is stochastic. From the analysis of the previous
section, we can deduce the following theorem.

Theorem 4.1 Assume that § < 1/63 in SThresh and that the stochastic matrices ®(w)
have property P1. Then, for any x € IRY there exists a subset Q(x) of Q with

p(Qx)%) < 2bye /5 (4.1)

such that for any w € Q(x) and measurements of the form y = ®(w)x + e, with e € IR"
a noise vector, the output x* of SThreshly, 0, k| satisfies

o = 2°| < Cole) +90]lell, & < an/log(N/n), (4.2)

with C' < 92 and a depending only on d,cy and the bound on 7.
In particular, when e = 0 this algorithm is instance-optimal in probability in {5 for the
large range of k.

Proof: Fixing n = 1/63 and m = [(1 4 52 )k| we know by Proposition 2.1 that there
exists a set 2y C € such that for w € Qg the matrix ® = ®(w) satisfies RIP(m, 1/63) and

p<98) < ble—%—km[log756+10g(eN/m)]. (43>

Thus, as long as N > 756m/e it suffices to have 2mlog(eN/m) < ¢;n/8 - 632, to ensure
that o

p(26) < bre 56?7,  whenever k < an/log(N/k) (4.4)
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provided a is sufficiently large. Thus, we infer from Theorem 3.1 (ii) that
lz = 2"l < 90([|® (2 — s, )|l + [lel) (4.5)

holds for every w € 5. Now, by Property P1, there exists a subset Q1($qu, 1/63) with
complement

(0 (2, 1/63)) < bye /6%

such that ||®(x —xg,)|| < 1.013||x — xs, || which ensures the validity of (4.2) with Q(z) :=
Qoﬂﬂl(l'gvk,l/63) O

5 Proof of Theorem 3.1

We begin by collecting a few prerequisites.

5.1 Consequences of RIP

Let us first record some simple results that follow from the RIP(m,n) assumption. Most
of the results we state in this subsection can be found in [20] but we include their simple
proofs for completeness of the present paper.

Lemma 5.1 For any I C {1,..., N} with #(I) < m we have
127" = [[@r]I* < (1 +n). (5.1)

Proof: The equality in (5.1) holds because the norm of a matrix and its conjugate trans-
pose are identical (this follows for example from the fact that || Al = supy =1 =1 ¥ A2)-

The upper inequality follows from the RIP(m,n) assumption because for any = € R”,
supported in I one has ||®;z| = ||®z|| < (1 +0)Y2|z7]| = (14 n)"2|z]. O

Lemma 5.2 For any I with #(I) < m we have
(1 =n) <[ @7zl < (T+n), [l =1 (5.2)

and therefore
|@7®; — Id;l| <, (5.3)

where Id; denotes the identity matriz of size #(I).

Proof: The upper inequality in (5.2) follows from Lemma 5.1 and the lower inequality
follows from RIP(m,n) since

|z ]| - (| @7 Pra]| > 2} Pi Pz = || Pray|* = (1 —n).

Hence all eigenvalues of ®7®; belong to (1 — 1,1 + 7). Thus the symmetric matrix
®5®; — Id; has its eigenvalues in (—n,n) which confirms (5.3). O

10



Lemma 5.3 For any I with #(I) < m and any x with supp(xz) C I, we have

(1—mn) .
ﬁll‘lﬁwﬂ < (1 =n)llefl < [|P7Prz]| < /1 +n]|Prz]]. (5.4)
Proof: The upper inequality in (5.4) follows from Lemma 5.1. The two lower inequalities,
follow from (2.3) and (5.2), respectively. O

Lemma 5.4 Suppose that T and J are sets of indices such that #(JUT) < m and
JNT =10. If supp(z) =T one has

|5 @] < nlj]. (5.5)

Proof: Let [ := JUT. We extend the matrices ®%, ®% to size #(I) x n by adjoining rows
that are identically zero when the indices are in I\ J and I \ T respectively. Similarly
extend @7 so that it has columns indexed on I. Then, since x is supported on T' C I, we
have

L Pr = [P7D; — DL Dr)e = [P7P; — [df — (PP — Idy)]x. (5.6)
Since the vectors [®7®; — Id;]z and [®5.Pr — Id)]z agree in all coordinates for which the
latter vector is nonzero, we can take norms in (5.6), use Lemma 5.2 and obtain

[@5Px|| < [[[®7P; — Id;]x]| < nl[z|, (5.7)

as desired. O

As a summary of these results, under the assumption RIP(m, n), we have for any two
disjoint sets A, A’ € {1,..., N} such that #(AUA’) < m, and for any vectors u € IR*®)
v € IR", we have

| @ @yul| < glull. (5.8)
Moreover, for any A C {1,..., N}, #A < m, one has

l@sol < (14020 (5.9)

[@50pul > (14 n)ul (5.10)

l@3@)Mull = (1 m) " ull (5.11)

We conclude this section with some remarks on solving least squares problems. Sup-
pose that & satisfies RIP(m,n) for some n < 1. Given any set A C {1,..., N} with
cardinality < m and any input vector v € IR", the least squares problem

G(A) := argmin [|jv — @z (5.12)

supp(z)CA
has a unique solution given by the Moore-Penrose pseudo inverse
a(A) = [@3 DA 1D (5.13)

By (5.10) the solution can be computed in a stable way.
Notice that ®,u(A) = Pyv where P, is the projector onto the span of the columns ¢,,
veAl

11



5.2 Analysis of DThresh

In this section, we shall analyze the performance of the thresholding algorithm in the
deterministic setting and prove that the output z* is a good approximation to . We
fix the threshold 6 > 0 and assume that & satisfies the RIP(m,n) for some integer
m > (1+ %)k and some constant 7 < 1. We shall see that, if n and 0 are chosen
sufficiently small, the scheme DThresh will have good convergence properties.

For our first lemma, we analyze thresholding when the input vector is v = ®u+ e with
u € Yoi. Let T denote the support of u so that by assumption #(7") < 2k and let A(v, k)
denote the set of coordinates v with

I

|<U7¢I/>‘ = W (514)

Lemma 5.5 The set A(v, k) contains at most % coordinates.

Proof: Suppose A(v, k) contains a set I of < m coordinates. Then from the definition of
A(v, k) and (5.9), we have

FOP P _ o
DI < ool < (1 4wyl < 37200l (5.15)
It follows that #(I) < 2% which proves the lemma. O

The following lemma will be key to our error analysis.

Lemma 5.6 Assume that v = y = ®x + e with x € X and that the threshold 6 in
DThresh[y, d, k| satisfies 6 < 1/63. Moreover, assume that ® satisfies RIP(m,n) for a
fired n < 1/63 and m > (1 + 3/6%)k. Then for the iterates 27, j = 0,1,..., produced by
DThresh[y, d, k| one has

. 18 ) 144
it < 22— g -0 1
o — 2 < e = 29+ e (5.16)
and 5
H$ - xAjJrlH < g”l’ - xAjH +4H6H7 (517)

Proof: Let S be the support of . We fix j and use the abbreviated notation A=A
and Z := #(A). Let T":= S U A which contains the support of x — &. We have

(1 =n) [ ®70r(x — )|
(L =n) {27 [®r(x — 2) + e]|| + [[DFell}
(1 =) {105 a[Pr(z — &) + €]l + (1 + )2} (5.18)

I — 2|

VAN VANRVAN

where the first inequality uses (5.10) (which is applicable since the cardinality of T"is < m
because of Lemma 5.5), and the third inequality uses (5.1) and the fact that the inner
product of

[Pr(x —2) +e] =y — Px& =y — Py

12



with any column of ® with index inside A is zero.
We estimate the first term in (5.18) as follows

[P5\a[Pr(z — &) + €] [Po\a(y — Px2)|l
1% zly — ®27][| + [ @552 (27 — 7))
= [ ®galr ]+ ||(I)S\A[(I)x] — ®2]f]. (5.19)

IN

To estimate the first term on the right side of (5.19), we use the fact that each inner
product of ¢, v € S\ A, with 77 is < 6 /v/k because of the definition of A. Since #(S) < k
using (5.1), we obtain

1@ x 11 < Vol || = Vall®(x — 2a,) +ell < VE(L+0)! 2|z — 27| + Vel (5.20)

For the second term on the right side of (5.19), we note that A is disjoint from S\ A
and that A; = suppa’ C A, so we can invoke (5.8) and obtain

|55 [0a? — ©] < nlla? — 3]l < nllw — 7] + 1z — ] (521)
If we use now the estimate (5.20) and (5.21) in (5.19), we obtain
195 x[@r(z —2) + €]l < Va(L+0) e — 27| + V5lell +nllle — 27|| + [|lz — 2[] (5.22)
We now insert the latter estimate in (5.18) and obtain
lz =&l < (L=m) " (llz = &)+ ((L+m) 2V +n)llz =27 | + V3 + (1+n)[le])). (5.23)
We now bring the term involving ||z — || on the right to the left side and obtain

Vo A+ (1 +n)?

o -l < LEDEVE
(1—2n)

<oyl + el (5.24)

Recalling that = #(A;,1) and that 27+ = :1“:(/_\j+1)‘/\j+1 is its best k-term approximation,
we find

o — 277 < flo = 2(R;en) | + 18(Azs0) = 8(Rga)apll < 2a — &Ry, (5.26)

since the support of = has also size at most k. Thus we deduce from (5.24) and (5.25)
that

2((1+ )26 + 1)
(1—2n)

2(vV/6 + (1+n)'?)
(1—2n)

lo — 27 <

lz — 27| + le]l- (5.26)

When we invoke our restrictions that both 6 and n are < 1/63, we arrive at (5.16).
To derive (5.17), we note that from (5.16) we obtain

Iz — 20l < o — 27 < ||93 — ||+ = llell (5.27)

13



Since by Lemma 5.5 #(SUA;) < k+ % < m, we can apply RIP(m,n) to conclude that

le = 2(A) < (1 =n) le(z — (W)l < (1 —m) 21 — 2(A)) + el + [le]]
= (L=m)""2(ly — Payll + llel)
< (1= llly = Paa, ]|+ llell]) < (1= m) T2 [ — 2a)] + 2[le]]
< (L= A+ ) e — an + 2lell): (5.28)

Since 27 is the best k-term approximation of Z(A;) we can use (5.25) again, to conclude

that
1+

L—=n
Placing this in (5.27) and using the restriction n < 1/63 gives

. 1/2
lo =2/l <2(372) " llz = @l + 400 = )2 e]) (5.29)

217

3
lz = 2ppll < Slle = a4+ = lell,

and hence (5.17). O
We can derive from this lemma several results about the convergence of DThresh.
For this, we shall use the following lemma.

Lemma 5.7 Suppose that + € IRY and o < 1/v/2. Let Ay = 0 and suppose A; C
{1,...,N}, 5=1,2,..., jo, are sets such that

o= a0l < alle =l =0, jo— L. (5.30)

j+1‘
Then,
|z — 2z, < 0oj(z), j=0,...,J. (5.31)

Proof: We prove this by induction on j. This is obviously true for j = 0 and we now
assume this is true for any j < jo and advance the induction hypothesis. Without loss of
generality we can assume that |z1| > || > ... |zy]|. If 0j11(2) > acj(x), then

|z — 25, || < af|x — 2y, || < aoj(z) < 0j41(2). (5.32)

ol

On the other hand, if 0;,1(z) < aoj;(z), then oj(x)* — |z;41|> < a?o;(x)? or, in other
words |z;11|*> > (1 — @?)o;(2)?. Now, by our induction assumption,

S 4 < a2oy(@)? < (1 - a?)oy(a)?, (5.33)
vEA

because o? < 1/2. It follows that A;;; must contain every i < j+ 1 and so we again have
(5.31). O

We are now ready to complete the proof of Theorem 3.1,

14



Proof of (i): We want to show that ||z — 2*|| < Alle]| with A < 280. Let jo be the
terminating index of the algorithm. Suppose for some j; < jo we have ||z — 27'|| < Alle]|,
for some A. From (5.16) we have by induction for any j; < j < jo that

. 18 144
lz =27 < o lle = + e llell < Allel] (5.34)

whenever A > %, as desired.

_ For the next case, we assume that the algorithm terminates for some j < k, so that
A; =0 and hence A; = A;_; and z* = 2/ = 2771, In this case, (5.16) gives that

' 18 - 144 18 ' 144
|z ="l = llz = 2’|l < llz ="M + = llel = G lle =27 + el (5.35)
Thus, ||z — 2*|| < Alle||, as long as A > L and we have proved this case as well.
The last possibility is that ||z — 27|| > Alle|| for all 0 < j < k. From (5.29), it follows
that L1 1o A
_ (=1 O R S )
e —aall 2 5(7) (e =2l = gl (5.36)

which, under the assumption that ||z — z7]|>A|le]|, yields

2(1+n)Y/?
This together with (5.17) yields
8(1 +n)'/? )
o = 2a,ll < (6+ A )z —aal, 0<j<k (5.38)

One can check that as long as A > 90 the expression in parentheses on the right hand
side of (5.38) is less than 0.7 < 1/4/2. We are then allowed to employ Lemma 5.7 to find

|z —xa, || < ox(z) =0. (5.39)

Using this in (5.29) gives ||z —2*|| = ||z — 2*|| < 4(1 —7n)"'?||e|| < Al|e|| which concludes
the proof of (i).

Proof of (ii): For an arbitrary signal + € IR", we let S be the set of k indices corre-
sponding to the k largest entries (in absolute value) of = and set

y=%xr+e=>rg+ Prgc +e=: Prg+e
with é := e + ®xge. Applying (i), we have
[z — 2"} < 90[le]] < 90([|@zse]| + [[e]]) (5.40)

which proves (ii).
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Proof of (iii): Again, let S be a set of coordinates corresponding to the k largest entries
in z. From RIP(m,n) one deduces that

H(IDxScH < (1 + 77>1/2<L\/J:E)£1 + Uk($)32>. (541)

For the proof of this see either [9] or [6]. For convenience of the reader we sketch it here.
Let Ty := S and T;;; denote the set of indices corresponding to the next k largest (in
absolute value) entries of z(gu..un)e so that ||zz,, || < k7Y2|lz7||s,. The last set Ty may
have fewer entries. Employing RIP yields then

[Prsell < Y lIPrr] < (L +m)'Y ] lan]
i=1 i=1
ox ()
< (L+n)'? <0k($)42 T Zk_l/2||95n||el) < (142 (Uk(l’)eg + = €1>‘
P vk
If we use this in (3.2) we arrive at (3.3). O

6 A thresholding algorithm without thinning

The scheme SThresh invokes a thinning step at each iteration. It is not clear whether
this is necessary for the successful performance of this algorithm. This prompts us to
consider what can be proved without such thinning. In this section, we shall introduce and
analyze a greedy algorithm based only on thresholding for the decoding of the information
y = ®x 4+ e. We shall see that we obtain instance optimality in probability except for a
small additive factor that can be made as small as we wish (as n, N — 00).

To this end, we shall need an additional property of the family of random matrices
that can be formulated as follows:

P2: For any z € R", l € {1,..., N}, and 0 > 0, there is a set {25(z,, 1) such that
[(z, 00| < 0llzlley,  w € Qa(z,6,1) (6.1)

and ,
p(Q5(2,6,1)) < bye™e2m" (6.2)

where by and ¢, are absolute constants.

Throughout this section we shall assume that for each n, N, the n x N matrices ®(w)
satisfy P1, P2 and that the entries in ¢ are independent identically distributed draws
of a single random variable. In particular, the results of this section cover the random
Bernouli and Gaussian matrices.

We shall assume throughout this section that the number of measurements factors
as n = am where both a and m are integers. We define ®; to be the submatrix of ®
consisting of its first m rows, ®5 the submatrix of ® consisting of the next m rows and
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so on up to ®,. Each of these matrices is a randomly drawn m x N matrix. We will
generally denote such a generic m x N randomly drawn matrix as .

We now describe a thresholding algorithm for decoding y = ®(z). Given a set A C
{1,2,..., N} of column indices, we denote by Px(y) the projection of y onto span{¢;}ea.
We also denote by X (A) the linear space of all z € IR which are supported on A. The
algorithm will find a set of column indices A = A(y) which will be used to decode y as
follows: Writing Pr(y) = > ,ca 22 p;, and denoting by z € IR" the vector defined by
Tio=ad i €N z;=0,i g A, we set

Ay) = z. (6.3)

To find the set A used in the definition (6.3), we start with Ag = Ag := (). At the j-th
step of the algorithm, the algorithm will find a set A; of new coordinates. This is added
to the existing “activated” coordinates to give A; := U/_jA; = UJ_, A, as the current set
of coordinates in our approximation to x. We do not want to ever have more than 2k
coordinates in our final set A(y). So we stop the algorithm as soon as #A; > 2k. In
fact, we trim the last set of coordinates found in order to be sure the final set A(y) has
cardinality < 2k.

Giveni € {1,...,a}, we denote by y; and ej; the portion of y, e, respectively, obtained
by setting to zero all coordinates of y, e whose indices are not in {(i — 1)m +1,...,im}
while keeping the remaining coordinates intact. Suppose § € (0,1) is a given threshold
tolerance. At present, we put no restrictions on ¢ but later the validity of our theorems
will require 0 to be sufficiently small but fixed.

At the first step, we define r' := y;; = ®1(x) + e}, compute ||yp|| and consider all
coordinates v for which

(s ou)| >GR3l (6.4)
Assume for the moment that there are at most 2k coordinates v satisfying (6.4). Then
we take Ay := Ay as the set of first activated coordinates and define X (/_\1) and compute
z! = argmin |81z — ypi|| = lypy — Pa,ypll- (6.5)
z€X (A1)

The vector ! is the solution to a least squares problem and has a simple closed form
representation. The Gramian matrix which needs to be inverted to compute ! is nonsin-
gular with high probability because of the RIP property given below. Finally, we define

r? = Yp2] — Dot

If there are more than 2k coordinates satisfying (6.4) we define A; := A as the set of 2k
coordinates which have the largest inner product in (6.4) (with ties handled arbitrarily).
We compute x! and 72 for this trimmed set as before. We stop the algorithm and output
a*:=1and A(y) := A; and T := z! as our decoding.

The general step of the algorithm is the following. At the start of the j-th step of the
algorithm, we have 7 := y;; — ®;2771. We consider the set of all coordinates v such that

[, @) = ok™V2 (1) (6.6)

If the union of this new set of coordinates together with AJ_'—l has cardinality < 2k, we
take A; as the set of all these coordinates and define A; := A,;_; UA; and

! = argmin ||y — @;2] = llyy — Pa,yp |l (6.7)
ZGX(Aj)
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If the cardinality of A;_; UA; exceeds 2k, we apply trimming. Namely, we define A; as the
subset of coordinates from (6.6) with largest inner products such that the resulting set
/_\j = /_\j_l U A, has cardinality 2k. In the latter case we stop the algorithm and output
Aly) == Aj, a* := j, and 7 := 27,

If the algorithm has not been stopped by a trimming step then we stop it when j = a
and output a* = a, A(y) = A, and Z = 2% as our decoding of 3. Here, trimming is applied
on this last set if necessary to keep A(y) to have cardinality < 2k.

We summarize the scheme as follows:

ThreshlI:
(1) Set Ag =Ng:=0,2°:=0,j =1, r' = yp;
(2) Define A; consist of those v such that the inner product (17, ¢,) satisfy (6.6).

(3) If #(A;_1 UA;) < 2k, set A; := A;_; U A, compute 27 according to (6.7), set
rit =y — ®jp2? and j + 1 — j and go to (2).

(4) If #(A;_1 UA;) > 2k or if j = a, define A; by trimming this set, and output a* = j
T := 2’ computed according to (6.7).

Note that each of the quantities appearing above is stochastic and depends on the
draw w € Q, i.e. we have ®; = ®;(w), 2/ = 27 (w), but to avoid cluttering of notation we
often suppress this dependence in notation when it is clear from the context.

7 Analysis of algorithm ThreshII

The main result about ThreshllI reads as follows.

Theorem 7.1 Given any 0 < < ﬁg- The thresholding decoder applied with this choice
of 0 to n x N random matrices, n = am, satisfying P1 and P2, satisfies the following.
For any x € RN and any 1 < k < N, there eists a set Qy = Q4(x, k) satisfying

24N

p(chL) <a (boe—com/16+3klog(w) + ble—clm/4 + (261 + bz)Ne_Cm52/k + ble—clm(S?) ’ (71)

such that for any w in 4 and any noise vector e, the decoded vector T of the above greedy
decoder satisfies

I = 7l < 22ljal] + € (o0(a) + max

eyl H>7 (7.2)

where C* := max{/408, [1 4 3v/3 + %3]},

We have the following corollary to this theorem.
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Corollary 7.2 Suppose that r,s > 0 are given and that the random process generates
m x N matrices ®o(w) which satisfy P1 and P2. We use n x N matrices ®(w), w € €,
with n = am and a := [2rlog N'|, for encoding and use the thresholding algorithm with
J € (0, ﬁg] for decoding. Then, for a sufficiently small constant ¢(§) > 0 we have the

following. For each x € RN, there is a set Q4 C Q with
p(0) < N (7.3)

such that for any draw w € $2y and and any noise vector e, one has for each k <
c(d,7)n/(log N)?
o =2l < N7+ Clona) + max_lles) (7.4)

with C = C(d) depending only on 4.

Proof: We apply Theorem 7.1 with the values of a and § as specified in the statement
of the Corollary. We can take €24 as the set in that theorem. Then p(£29) is bounded by
(7.1). The second and fourth terms on the right hand side of (7.1) are both less or equal
to C'ae~¢™ and so is the first term if ¢(6,r) is small enough, for the range of k described
in the theorem. The remaining third term is bounded by aN (2b; + bg)e_%. Thus each
of these terms can be bounded by N~%/4 provided ¢(d, ) is small enough and we therefore
obtain (7.3). The estimate (7.4) follows from (7.2) because 2-%/2 < N7, O

The remainder of this section is devoted to the proof of Theorem 7.1 and a short
discussion of its ramifications. The proof is somewhat simpler when the noise e in the
observation is zero and the reader may wish to make that assumption on first reading.
Throughout the remainder of this section, for a given but fixed z € IR" and a given k,
we let Sy denote a set of its largest k coordinates.

In accordance with the above initialization we shall define 2° := 0 for the purposes
of the analysis that follows below. We begin with the following lemma which bounds
|z — 27|| by a multiple of |y — ®;27]|. Note that 27 is stochastically dependent on ;.

Lemma 7.3 Given z € RY and k > 1, define
Q3 1= Q3(w, k) 1= N5 [Q0(3K,1/2, D) N Y (52, 1/2, Dy)] (7.5)
where the sets )y correspond to RIP and the sets )y correspond to P1. Then,
() < bgae 0™/ 16H3RI8CSE) 4y gemerm/4, (7.6)
and for each w € Q3 and 1 < j < a*, we have (for 7 = 27 (w))
o — 2]l < (1 + V3)ow(@) + V2(llyy — 507 + llegy ). (7.7)

Proof: We first check the measure of 25. According to Properties P1 and RIP (see
(2.4)) we have

p(§k) < ZP(QO(?’kal/?a@j)C)+ZP(Ql(ng71/27Qj)C)

J=1
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< boae—com/16+3klog(%)+bla6—c1m/4. (78)

This proves (7.6)
To verify (7.7), we have

lv — 27| < llz — 25, || + [z, — 27| = ow(z) + ||z, — 27]]. (7.9)

We know that zg, — 27 is 3k-sparse if j < a*. Hence, for w € 3, we have from
RIP(3k,1/2), ' ‘
s, — 7]l < V2D, — B0, 1< <a" (7.10)

This gives for 1 < j < a*,
|lzs, — || < V2{l|®zs, — ;] +|®;(z —a?)|} = V2{|| Bz

< V3/2|zse || = /3/20k(x) and since

yy — @i’ = @j(x — ') + ey,

+[@j(z—a?)|}. (7.11)

Since, by P1, |[®;zs¢

we have proved (7.7). O

Our next two lemmas are going to show the quantitative effects of thresholding and
will later be used to provide error bounds for our algorithm.

Lemma 7.4 Let 6 € (0,1), u € RN, and let A := A(u,d,k) be the set of all indices v
such that |u,| > §k='2||lu||. Then,

lu —ual? =Y Jul? < 36%|[ul]® + o3 (w). (7.12)
vgEA

Proof: Let Ag be a set of the 3k largest coordinates of u so that > 4/ lu, |* = o2, (u).
We have

Dol < > wlr Y fw < 3kl k4 o3 (u) = 38%|[ull* + 03 (u) (7.13)
véEA veEAgNAc veA§NAe
where we used the fact that Ay has cardinality 3k. O
Lemma 7.5 Let u € RY and let v := ®o(u) + ep), ej € R", where &y = Py(w) is an
m X N matriz randomly drawn from our stochastic process which satisfies P1 and P2.

Moreover, assume that

el < llull/4. (7.14)
Let N'(v,0,k,w) be the set of all v such that

(v, ¢u)] > 0lwllk™72. (7.15)

Then, there is a set Q(u, d, k, Pgy) such that

ems?

p(Q2(u, 6, k, Pg)) < (201 + by +1)Ne™ * (7.16)
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where ¢ := min(cy, cp)/64 and by, by, c1, o are the constants in P1 and P2, and for any
w € Qu, d, k, Dy) with § < 1/12, we have

A(u, 20, k) € N'(v, 6, k,w) (7.17)
and

N(v, 6, k,w) C Au,d/2, k), (7.18)
where the set A(u,d,k) is defined in Lemma 7.4.

Proof: For each v € A(u, d, k), let u(v) := u — u,0, and
U(V) = (bo(U(V)) + €0 =V — Uu¢w

where 6, € IRY is the vth coordinate vector. It follows that ||u(v)|| < ||u|| for each v and
v = u,¢, +v(v). According to Property P1, for each v, there is a set Q;(u(v), d, ®g) such
that

p((u(v), 8, D)) < bye~ ™ (7.19)

and for all w € Q(u(v),d, y),
lo@) < VI+ollu@)ll + llegll < (VI++1/4)[ul,  weD(uv),d,Po), (7.20)

where we have used the assumption that |lej| < |lu||/4. Observe that v(v) is stochasti-
cally independent of ¢,,. Therefore, according to Property P2, there is a set Qy(v(v), 6 /(8VE), v, By)
with ,
comd
p(Q(v(v),8/(8VE),v; Bo)°) < boe™ sik (7.21)
and, such that for all w € Qy(v(v), 0/(8Vk), v, &), we have

o)l _ o(v1+0+1/4)[lu(v)]

[(v(v),du)| < N T
5y 0lul |
W’ w e QQ(“(V)7 57 v; q)O)a (722)

where we have used (7.20) and the fact that ||u(v)| < ||ul.
We now define

Q(U, (S, k’, (I)()) =
N (Ql(u(y), 5, o) N Q1 (8,8, Do) N Qa(v(v), 5/ (8VE), v, @0)) N Q1 (u, 6, By),

veA(u,d,k)

Then, this set satisfies (7.16) because of (7.19), (7.21) and property P1 applied to ¢, and
u.
We now prove (7.17). For any w € Q(u, §,k, ®y) and any v € A(u, 26, k), by (7.22),

|<U7¢V>| |ul/|<1_6)_ |<U(V)a¢u>|

>
> 2k V25(1 — §)|luf| — k~V2(5/6)VI + 8ull. (7.23)
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Invoking P1 with respect to u, we conclude that

1) 1+6N ||[Pou
ol = (20— ) - VL) IR
Vk 6 VI+6
) Vv1+96 1
> —(2(1=06) — — . 7.24
> = (20-8) = ) ==l = llewl) (7.24)
Now observe, again by P1, that (7.14) implies
lell € —— [Boul| < —a—(llo]l + Il
o= /ixs" N = A1+ 0 o711

whence one infers )

e <
H [0]H—4(\/m_1/4)
Thus, combining (7.24) and (7.25), gives

1
loll < gllvll (7.25)

.01 2 { 2= (20 -0 - LED L L. (7.26)

One can verify that for § < 1/10 the factor in curly brackets is indeed larger than 1 which
shows (7.17).

We now prove (7.18). For any w € Q(u,0,k,®y) and any v ¢ A(u,0/2,k), we use
again (7.22) and P1 for u to conclude that

[{v, &) [y | (14 0) + [{(v(¥), 1)
(1+0)(6/2)k™ 2 |lull + k~V2(8/6)V/1 + 0] fu]
d (145 V149 1
= (5 ) =l
VEL 2 6 /Vi—90
i<1+5+\/1+5> 1
VEN 2 6 V1—90
o <1+5+\/1+5> 4 o]
- v,
VEN 2 6 3V1—9
where we have used (7.25) in the last step. One can verify that for 6 < 1/12 one has
(17“5 - —V16+5> 3\/";_—5 < 1 so that |[(v,¢,)| < §k~'/?||u||. This shows that any such v could
not have been chosen for A’(v,d, k,w). This completes the proof of the lemma. O

IAINA

IA

IN

(ol + llewl)

<

(7.27)

We can now define the set €}, that appears in the statement of Theorem 7.1 and
Corollary 7.2 as

Q== Qu(x, k,0) == Qg(x, k) NN [Qx — 2771, 6, k, ©;) N Qy(wsg, 6, By)], (7.28)

where )3 is the set in Lemma 7.3, the next sets in brackets come from Lemma 7.5 and
the last sets come from P1. Let us note that

24N

p(QU(z,k,0)) < a {(bge’c‘)m/w*?’klog(w) 4 hpe—am/4
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+(2by + by + 1)Ne= 0 /k 4 pe=crmd®y, (7.29)

Indeed, this estimate follows from (7.6), (7.16) and P1 and the fact that a* < a. The set
4 will be used in the remainder of this section.

The next lemma shows a certain reduction of the error at each iteration of the algo-
rithm.

Lemma 7.6 For each 1/12 > 6 > 0, each 2 € RY, each w € Qu(x,k,0) and each
1 <j <a*, we have

lo = 7]]” < Allz — 29|12 4+ Bo(x) + Cley | (7.30)

where A 1= 9662, B := 204, and C = 196. This same estimate holds for j = a* provided
this last set was not trimmed.

Proof: We fix a value of j and assume that w € Q4(z, k,d). At the beginning of the j-th
step of the decoding we have in hand A;_; and 27~ where, according to our initialization
of the algorithm, 2° := 0 and Ay := (. Thresholding on the vector ®*ri = &*(®;(x —
I + ej]), now gives the set A; and the new composite set A;. By our assumption on
7, there was no trimming involved.

We shall distinguish between two cases: (a) [leg]| < ||z — 2771 /4 and (b) |le;]| >
o — 291 /4.

In case (a), since ®; is drawn independently of z — 277!, we can apply Lemma 7.5
for u =z — 277! and e = e;. It says that for w € Q(z — 2771, 8, k, ®;), the set A;
contains all coordinates v for which |z, — 77| > 20k='/2||z — 27~||. Hence, we can apply
Lemma 7.4 to u = x — 27~" and obtain for w := /="' + (x — 27~'),, upon noting that
(z — in*l)A; =T —w,

|z —w||* < 128%||z — 277 + o3 (x — 2771) < 128%||x — 277 + o7 (), (7.31)

where the last inequality uses the fact that osp(x — 2771) < oy (z) because 2771 is in M.
Starting with Lemma 7.3, we can now estimate

(L+ V3)or(@) + V2(llyy — D527 || + llegll)

(14 V3)aw(@) + V2(|lyy — 5wl + [leg])
(14 V3)ow(z) + V2([|@;(x — w)| + 2[ley; 1) (7.32)

Iz — 27|

IA AN IA

where the second to last inequality uses the minimality of the least squares solution in
the space X (A;) of vectors in IRY supported in A;.
We now want to estimate the middle term in (7.32). We cannot use P1 directly
because w depends on @;. Instead, we write x — w = x — xg, + (r5, — w) and find
1®5(z = w) 195 (x = zs,) || + (|5 (x5, — w)]

vV 1 + (5 (“‘TSE + ||CL’5k — U)H)
V10 (on(@) + |z = s + [lz = wl])

146 (204(z) + ||z — w]|) . (7.33)

<
<
<
<
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Here in the second inequality we used P1 for zge and RIP(3k, §) for ®;.
We now subsitute (7.33) into (7.32) to obtain

lz— 27| < (1+V3+2V2V1+0)oi(x) + V2V1+6||lz — w| + 2v2||ey|
< Tow(z) + 2]lw — w| + 2v2leg ], (7.34)

because 0 < § < 1. We square this last inequality and then use (7.31) to arrive at

|z — 27 |? 2(Top(x) + 2v2|leg 1)? + 8|l — wl|?
20407 (z) + 966% ||z — 277 H|* + 32]|eg||?

Allz — 277Y* + Bop(z) + Clley |I?, (7.35)

IAIAIA

as desired.
Now we turn to case (b) |lell > [lz — 2/7||/4, and use again that ®; is drawn
independently of z — 2771, so that P1 yields

legall = 4\/1—\!‘19 (w—flfj_l)H
= \/ﬁHy]] “t—eyll
> s Ulve — ‘P fE” = lleglh-

Since 7 minimizes |y — ®;z| over X(A;), and A; contains the support of 277!, we
conclude that

(AVIT 3+ Dlleg | > g — @527 > g — 5. (7.36)
Note that (4v/1+d+ 1) <6 for 6 < 1/10. We invoke now Lemma 7.3 to conclude that
le =2l < (L+V3)ow(z) + V2| e

Squaring both sides confirms (7.30) and finishes the proof. O

Proof Theorem 7.1: We can now prove our main result about the greedy algorithm of
this section. Let § < 1/8v/3. Then A = 9662 < 1/2 and 6 < 1/12.

We will continue to denote by Sy a set of k coordinates corresponding to the largest
entries (in absolute value) of x. We shall consider two cases.

Case 1: In this first case, we assume that the algorithm never employed trimming. In
particular this means that a* = a and ¥ = z®. We introduce the abbreviated notation
E; = |l — 27|, n; := |le)l|?, and o := o7 (x). Then, an application of Lemma 7.6 at
each iteration gives

Ej SAEj_l—i‘BO'—FOT]j j=2,...,a*. (737)

[teratively applying this inequality gives

— a a B 7
lo—2* = flo—2|* < A2l + ;= 0i(x) + C D Ay

a—1

< 27jz|* + 2Boj(z) + C[)_ A

1=0

‘max 7); (7.38)
j=1,-,a*
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Since A < 1/2, this proves (7.2) in this case.
Case 2: The remaining case we have to consider is when trimming was used to create
the last set A,«. In this case the following observation is useful.

Remark 7.7 For any v € Ay~ one has for any w € Qy

J o
—— max
2k i=L-a* 22k
To prove (7.39), for any v € A, consider the first iteration j when v € A;. The inner
product of 77 with ¢/ was by definition larger than 6k~1/2||r7||. It follows from (7.18) that
for w € Qu(z, k,0)

el + lzw| = |z — 25, (7.39)

770
T, > —. 7.40
W (740)

Since 277! is supported on A;_;, one obtains
lz — 25, || < llz =277 < (1= 8)"2|0(x — 27| < V2(IF | + lleggl))  (7:41)

where the last inequality uses that w € €y allows us to apply P1 for x — 2771 as well as
the fact that 6 < 1/2. This confirms (7.39). O

Since trimming was used we have #(Ay-) = 2k. It follows that A, contains at least k
coordinates from S§. Since (7.39) holds for each v € Ay« N SE, it follows that

5 2 52 )
> (el o mas lel) = Gl = e

VER x NS

On the other hand, we have

2
eill) <25 ehns; |7l

EVGI_XG*DSE (‘xul + %E man:L,,.’a*

824 (A g+ NS
2R sy e e
< 204 (x)? + 0% max;— ... o+ |leg||*.
Thus we conclude that
4
o = x|l < Sou() + 2v2 max |ley|l; (7.42)
J=1a
where we have used the fact that # (A, N S§) > k.
We now turn to estimating ||z — Z||. We begin with
lv — 2] = llz — 2| < llo — ws, || + llos, — 2 || < ox(@) + [los, — 2| (7.43)

The second term was estimated in (7.11) in the proof of Lemma 7.3 (with j = a*).
Using that estimate and the minimality of the least squares solution, we obtain

le =zl < (L+V3)or(z) + V2| @ (& — 2|
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< 1+ V3)or(@) + V2(||Yjar] — Parx® || + |lefar 1)
< (1 V3)or(@) + V2l = Caan,. [+ max e
< (14 VB)ow(@) + V2120 (@ = 25| + [ @ (w5, — w5, )| +2_ max el

Now w € Q4 C Q3. Looking at the definition of 3 in (7.5), we see that we can apply P1
and RIP to conclude that

IN

|z — z|| (14 V3)ow(@) + V3([|zse | + llws, — za,. 1) + 2\@],:1{1?‘?;* leg |
(1+2V3)ow(z) + V3(||lz — zs, || + [lz — z4,. ) + 2\/51-:1{1??2* legl-
< (143V3)o(2) + V3w — x5, | +2v2 max|ley|

;jmax

< [1+3V3+ ?]ak(x) +2(V2+ V6) max{legl, (7.44)

IN

where the last inequality uses (7.42). This shows that (7.2) holds in the second case as
well and completes the proof of the theorem. O

We conclude this section with some remarks. The above argument shows that as soon
as trimming is necessary, i.e. the sets A; build up fast enough, the decoder is actually
instance-optimal in the original sense when e = 0, see (7.44).

Remark 7.8 Even when trimming does not occur in the algorithm, we still have the
following estimate: suppose that e = 0 and 2q := #A, < 2k, then one has

o=l < (54 VEou(o) +57 | ). (7.45)

Thus, as long as the size of Ag-, i.e. the support of the decoder output is comparable to k,
one can bound the error by a constant multiple of the corresponding q-term approximation
error.

Proof: Remark 7.7 together with the argument leading to (7.42) yields

q
ou(@)? = Thle — o, I
Inserting this in the argument leading to (7.44), confirms the claim. O

An extreme case where the algorithm would not perform well is z; = N~Y2, i =

1,..., N, in which case oy(z) = W% which stays close to one in the range of k under

consideration. Since the sets A'(r7,§, k,w) are for most w contained in the sets A(z —
271 6/2,k), but ||z — 277 > ox(z), no entry would actually satisfy |z;| = N~Y/2 >
ﬁ”x — 2771 so that the sets A; would not build up. On the other hand, in such a case
it would be irrelevant which entries to pick.
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8 Appendix: random matrices satisfying P1 and P2

In this section, we prove the validity of P1 and P2 for three standard examples of random
matrices:

(i) Gaussian: the entries ®; ; are i.i.d. centered Gaussian variables of variance 1/n.
(i) Bernoulli: the entries ®;; are i.i.d. Bernoulli variables with values £1/+/n.

(iii) Unit vectors: the columns ¢; are i.i.d. under the uniform law on the n-dimensional
sphere.

We also show that P1 implies RIP.

8.1 Proof of P1

By linearity it is sufficient to consider a vector x of norm 1 and therefore evaluate
Prob{|||®z|* — 1] > 6}.

The validity of P1 for Gaussian and Bernoulli matrices is a consequence of Lemma
6.1 of [12], which establishes this property for a more general class of random matrices
with i.i.d. entries that have a subgaussian distribution.

For matrices consisting of random unit vectors, we notice that the function

N
M(gr,- 5 0n) = 1D w605] = || @]
=1
is a Lip 1 function from (R™)N to R since

N N
M (1, dn) = M(, -+, &) < 11D wi(d5 — ) < O o5 — #5112
j=1 Jj=1

The uniform product measure on an N-fold tensor product of S,,_; by itself has the same
concentration function of the form e~ ("=19*/2 a5 §,_, (see [18]) and therefore, using the
notation X = ||®x||

Pr0b<|X —pl > 5) < 2~ (=12,

where p is the median of X. It is easy to derive from this a similar estimation where
the median p is replaced by the average F(X): assume that X is a random variable that
satisfies

Prob(|X — p| > 6) < ae ™,

with @ > 1. Then, assuming without loss of generality that E(X) > u, we obtain

+oo
a s

BE(X)—u< -0t _ 2
) -n< [ =07
0
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It follows that Prob(|X — E(X)| > §) < Prob(|X — p| > 2) when /T <
Prob(|X — E(X)| > ¢) < 1, we have for any ¢ > 0,

Prob(|X — E(X)| > 4) < de_b52/4, §— 67“12/4’
where we have used that a > 1. In the present case X = ||®x||, this gives
Prob(|X — E(X)| > 5) < oo~ (n=1)8%/4 < 97~ (n—1)6%/4

By integration, we obtain

+oo
E(X - E(X)P) < 54 / om0 gy _

0

108
n—1

Since E(||®x||?) = ||z||* = 1, we thus have

0<1-B(X) = B(X*) ~ E(X)? = E(X ~ E(X)P) <

which implies

It follows from (8.1) and (8.2) that when § > 21
Prob(]X -1 > 5) < Prob(\X — B(X)| > 5/2) < 97~ (n=1)8%/16,
On the other hand, if § < 216 , we have

2916

Prob(|X 1> 5) < 28 —-)5?16

Therefore, in all cases we have

Prob(]X 1> 5) < Cye~ (1816,

with Cy = max{27, e%}. We conclude by
Prob(]||®z||> — 1| > §) = Prob(]X? — 1| > )
< Prob(|X — 1| > 6/3) 4+ Prob(|X + 1| > 3)
< Prob(|X — 1] >6/3) + Prob(|X — 1| > 1)
< 20pe~ (n—1 52/144

for all 0 < 0 < 1, which shows that P1 holds.
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8.2 Proof of P2

Again, by linearity, it is sufficient to consider a vector z of norm 1 and evaluate Prob{|(z, ¢;)| >

5.

For Gaussian matrices, we note that (z,¢;) = Y ., 2®P;; is a centered Gaussian vari-
able with variance 1/n. From this it follows that

2 2 2 2 2 2

Prob{|(z, >0} = — e 2t < ———e /2 / e~ VN2 gt — o70%/2,

{|< ¢l>| - } \/ﬂ / — \/%
t>\/nd t>\/né

(8.3)

Therefore P2 holds with by = 1 and ¢y = 1/2.

For Bernoulli matrices, we invoke Hoeffding’s inequality [16], which states that for a
sequence of independent variables v; with mean zero and such that |v;| < m; almost

surely, one has
2

8
Prob{| S il > 6} <2¢ 7 (8.4)
It follows that

2

Y C )
Prob{|(z, ;)| > 0} < 2e *T/m =270 /2, (8.5)
Therefore P2 holds with by = 2 and ¢y = 1/2.

For matrices consisting of random unit vectors, Prob{|(z, ¢;)| > d} is the ratio between
the measure of the set S ,,—1 := {z € S,_1,|(z,2)| > ¢} and the measure of the whole
sphere S,,_1. It is well known that this ratio tends exponentially to 0 as n — +o00. More
precisely, using that the uniform measure on S,,_; has a concentration function of the
form e~ ("~19*/2 (see [17]), one obtains that

Prob{|(z, ¢;)| > 6} < 2"/, (8.6)

Since, the inner product is clearly < 1, we only need to consider < 1, in which case we
find that P2 holds with by = 2 and ¢y = 1/4 provided n > 2.

8.3 P1 implies RIP

The restricted isometry property RIP, introduced by Candes, Tao and Romberg [8, 9]
states that ® acts close to an isometry on all m sparse vector. In other words, for some
0<n<l,

(1 =n)lzrll < |@zr]] < A +n)larll, =€ RY, |T| <k (8.7)

Following the approach in [3], we shall prove that P1 implies that (2.3) holds with prob-
2

ability larger than 1 — bye—" "1 tmllos(nN/m)+log(12/n)]

We first fix T such that |T| < N and consider the set X7 of N-dimensional vectors
with support contained in 7. We shall prove that P1 implies the validity of

(L =n)lzll < |®z]| < (T +n)llz], =€ X, (8.8)
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with probability larger than 1 — b1(12/77)me*c””72/4. Since the number of sets T of car-
dinality m is (&) < (eN/m)™, it will follow from the union bound that (2.3) holds with
probability larger than 1 — by (eN/m)™(12/n)™e~""/4 which is the announced result.

We choose a finite set ) C X7 such that ||¢|| = 1 for all ¢ € @ and such that for all
x € Xp with ||z]| = 1, there exists ¢ € Q with ||z — ¢|| < n/4. It is well known from
covering numbers that one can choose such a set @ with |Q| < (12/n)™ (see e.g. Chapter
13 of [19)).

Invoking P1 and a union bound, we thus obtain that with probability larger than
1 — by (12/n)me= 1/ e have for all ¢ € Q.

(L =n/2)lqll* < [[q]* < (1+n/2)]4ll*, (8.9)

which trivially gives
(I =n/2)llall < 1®q] < (1 +n/2)lqll, (8.10)

Denoting by M the norm of ® restricted to X, we derive from the upper inequality and
the covering property of @,

M = SUPgexr|z<1 | @z

< SUPge xp fa<1 0fgeq (|24l + [|P(z — ¢)])
<1+ 77/2 + MSprGXT,HxHSl ||I - QH
< 1+41n/2+ Mn/4.

It follows that M < (1+n/2)/(1—n/4) < 1+n which gives the upper inequality in (8.8).
The lower inequality follows from it since for all x € Xr with [[z]] = 1 and ¢ € @ such
that ||z — q[| < n/4, we have

[Pz] = [[®gl] = [[®(z —g)| = 1 =n/2 = (1 +n)n/4=1—n. (8.11)

By linearity, the lower inequality is thus proved for any x € Xr.

Acknowledgments: The authors wish to thank Sinan Gunturk and the Courant Insti-
tute of Mathematical Sciences who hosted us when much of this research was completed.
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